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Papaya ringspot virus (PRV) is a serious
disease of papaya (Carica L.) that
has only been partially controlied by con-
ventional methods. An alternative control
method is coat protein-mediated protec-
tion (CPMP) through the transfer and
expression of the PRV coat protein (¢p)
gene in papaya. We report an efficient
gene transfer system utilizing micropro-
Jjectile-mediated transformation of 2,4-D-
| treated immature zygotic embryos with a
plasmid construction that contains the
neomycin phosphotransferase I

and S-glicuronidase (GUS) genes flanking
a PRV ¢p gene lchression cl::sette Puta-
tive transgenic apa ts, regener
ated on Ennamycsx-gor};atafni nrleegdium,

were assayed for GUS and PRV coat pro-

tein exxression, for the presence of

and PRV c¢p genes {with the polymerase
chain reaction (PCR) and genomic blot
hybridization analysis], and for PRV ¢p
gene transcripts by Northern analysis.
Four R, trans%enic plant lines that con-
tained the PRV ¢p gene showed varying
degrees of resistance to PRV, and one line
appeared to be completely resistant.

ese results represent the first demon-
stration that CPMP can be extended to a
tree species such as papaya.

apaya is one of the most widely grown fruit
crops in the aopics and subtropics. The flavor
ful, melon-like fruit arefich in vitamins A and ¢
and, whe:ﬂgmen. are the source of papain’
Papayas are produced commercially in plantations an
on a smaller scale in dooryard lgowever, papay:
S‘rodudum is ul:gr;d in many areas of the v(.v;ﬂd due tc:
e di ca apaya rin virus (PRVY. PR\
| produces distinct m{'g}:pom on ﬁ?hg:,lsmndn of plants
and leads to reduction in aop (F? d
gathogenisa tyvirus, and control ls difficult becausc
RV isno transmitted by aphids in a nonpersistent
manner®, Potyvirus constitute the largest and economi-
cally most important plant virus group*.
is litde genetic resistance to PRV in papaya
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germplasm. Large collections of papaya lines and culi-
vars representing the world's major production areas
have been screened, but resistant plants have not been
found’. Varying degrees of tolerance have been chserved,
and one of the selections has been, or is being, used in
breeding programs’, but conventional breeding pro-
grams are expected to result in a compromise between
useful resistance and acceptable fruit quality.

High levels of resistance to PRV are known to exist in
several wild Carica species®’. Interspecific hybrids
between papaya and PRV resistant species have been
produced with the aid of embryo rescue or ovule culture
techniques'™", and in Hawaii, several FI interspecific
hybrids and a sesquidiploid produced by backcrossing 1o
papaya were vi{)mus and showed excellent field resis-
tance to PRV (R. Manshardt, unpublished data). How-
ever, these planis were quite sterile, and it seems that
interspecific reproductive barriers will make the incorpo-
ration of resistance genes difficult.

PRV HA 5], a cross- rotecting mild mutant strain of
PRY that was selected following nitrous acid reatment of
a severe strain from Hawaii'', has been tested extensivel
in the field and is now used commercially in Taiwan'*™
and Hawaii"" to permit an economic return from papaya
production. Cross protection, the deliberate infection of
a crop with a mild viral strain to limit economic damage
by more virulent strains, has several drawbacks, including
a requirement for a e inoculation program, a
reduction in crop yield, and losses of cross-protected
plants due to superinfection by virulent strains'.,

In order 1 overcome these problems, we investigated
the potential of “pathogen-derived resistance™® via coat
protein (¢p) gene transformation, an approach first dem.
onstrated by Powell Abel et al.i? to &lay the onset of
severe symptoms of tobacco mosaic virus (TMV) in
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FGURE 1 PRV:inlvciil pargroy e cr e s el JPhoo.
tesy of Wayne Nishijima, University of Hawaii, Hila,)
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HGURE 2 Endwvogeni pripena tissges aller particle bombard-
ment. Frame (A) Hisveacheniaal GUS eaprussion (blue dot) on
the highly embryogenic apex of an immature zygotic embryo
that had been treated with 2,4-D for 23 days prior ta bombard-
ment. The tissue was assuycd four weeks after bombardment.
Scale » 1.0 mm. Frame (B) Somatic cmbryos from the embryo-

enic apex of an immature zygotic embryo like that shown in
Erame (A), growing selectively on kenamycin-containing
medium. This is isolate $35-1 abserved cight montha post bom-
bardment. Scvcral selectively growing somatic embryos are
shown adjacent w the brawn cotyledon of original zygotic
embryo. Scale = 1.0 mm. .

transgenic tobacco. This coat protein-mediated J:fotec
tion (CPMP) against virus has since been found o be
effecuive in pmtecd‘r;!g tobaceo, tomato, or potato from
infection by many different viruses (see y et al."* for
review) including PRV™,

Ling et al.” demonstrated in tobacco that the expres-
sion of the PRV ¢p gene, isolated from the cross-protect:
ing mild mutant srain PRV HA 5-1%, afforded a broad
rmum of protection. The onset of viral symptoms was

layed in plants inoculated with three related
poR'vn-uses, wbacco etch (TEV), potato virus Y (PVY),
and pepper mottle (PeMV). This construct provides a
model system that allows direct comparison of the effec
Mm g{l dassxv ical cross mtectiox:l veg:vla CPMP in con-

i in papaya. We recendy developed papaya
regenngmtion methods using embryogenic mses and
successfully transformed papaya via the biolistic
method™ with a vector containin, Mand GUS genes
and the ¢p gene of PRV HA 5.1. Transgenic (ragxga
embryos and plants expressed the NP;% an S
genes™ In this study we show that a number of

TABIS | Characterization of transgenic pspaya plants for the
eresence of GUS expression and PCR-amgliﬁcauon of Nos-

PTIL and PRV cp gene fragments. Plants from emb nic
calluses and somatic embaps from hypocatyls (EC) and £,4-D-
treated zygotic embryos (ZE), that yiel,:e’d putative transgenic
tissues, were assayed.

Tissue _ 1otal number of positive plantsftotal number assayed
type GUS expressicn ~ NPTII (PCR) PRV ¢p (PCR)

EC 8/5 (60%) 814 (75%) 315 (60%)
ZE 9/25 (36%) 18/18 (100%) 7119 (87%)
Total 12/30 (40%) 21/22 (95%) 10/24 (42%)

transgenic papaya lines contain the ¢p gene of PRV
HA 51 and that these plants show ing degrees of
resistance to inoculation with the severe Hawatian strain
PRV HA*. One line is completely resistant. These results
improve the prospects for papaya cultivation in areas
now abandoned due to PRV infestation.

tissues and selection of transgenic
on kansmycin. Three types of papaya
paya hypocotyl sections (H), embryo-
), and 2 4-dichlorophenoxyacetic acid-
5;,4—1)) treated zygotic embryos (ZE) were tested to deter-
mine whic&zpe would erate the most transgenic
plants. A of 70 penri di of papaya tissues from
commercial cultivars “Sunset” () or “Kapoho” (K) were
bombarded with microprojectiles coated with
pGA482GGicpPRV4 DNA®, and putative transformed
papaya embryos (Fig.o 2) were isolated on selection
medium containing 150 mg/l kanamycin over a period of
four to 28 months. Twentr-ﬂve of the plates yielded at
least one transformed cell line, 55 digcrent cell lines
selectively on kanamycincontaining medium, and
0 l;nhtl lines wer;;egenm}tled. .
reshly explanted papaya hypocotyl sections were not
suitable tissug targets for mimpm{ecﬁl&mediamd trans-
formation; only one GUS* em nic callus was
observed, but it ceased growth. None of the mnaini:F
hypocotyl sections produced a kanamycin resistant cal’
lus during a year of culture. Embryogenic callus cultures,
the simpl tissues to prepare for bombardment,
yvielded several selectively ing embryo clusters. Sev-
enteen percent of the cultures subjected to bombard:
ment gave rise to a total of 20 kanamycin resistant
embryo clusters over a two-year culture period. The effi.
dency on a fresh weight basis was 1.14 selectively
growing callus linesig FW of bombarded tissues. How-
ever, the eration of plants from these potentially
transfor calluses was difficult because many of the
embryo lines developed into abnormal structures rather
than shoot. Only five lines erated plants, three of
which !ﬂroduced abnormal shoots with broom-shaped
leaves that resembled damage due to virus- or herbicide-
induced effects. The two other plant lines, K19-1 and
§33-2, appeared normal. '
Immature d:.g e';‘ncbryo cultures, the most difficult
to prepare, yi largest number of tra ic
emgryo lines that subsequently regenerated into iams
(Table 1). Three fourths of the 24 petri dishes of bom-
barded z?got(ig en;l;rws ‘grcguce{d at least one uban&genic
embryo line (Fig. 2). about 100 zygotic embryos
bombarded  digh, Y s

i
the transformation efficiency was
about 1.42% of the zygotic embryos. Of the 34 putative
transgenic embryo lines, 74% regenerated normal-look-

ing plants, while the other 26% was lost due to cessation
of _ﬂowth on kanamycin-contining medium.

e regeneration of papaya plants from the putatively
transformed zygotic embryos was a complex process.
Some cell lines vigorously and regenerated in the
presence of 1 in (Fig. 2B), while the
growth of others was inhibited. The later were only
capable of regenerating plants after their removal from
media containing kanamycin. Of the three different tis-

types tested, transgenic papaya plants were estab-
y the embryogenic calluses and the
2.4-D-treated zygotic embryos.

e e . e s s

About one third (9 out of 25, Table 1) of the regenerated
plants from the zygotic embryos were GUS + in histo-
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chemical assays of young leaves. Leaves of ted
plants mmducedmfaled for GUS because emb some
times “false positive”, light blug, irregular spot
u.enr:s when pol?or momghlhnn 12 hours o *t,hoe
istochemical sul te. Since untransformed leaves
never turned blue, histochemical data from leaves were
the most reliable Fij 3A shows the strong, uniform
GUS ion in a leaf derived from plant $55-1. How-
ever, GUS expression often varied between individual
lanws and within the same plant. For example, cut leaves

m plants K44-1, 8551, and $604 consistently smained
dark blue at all injured surfaces, On the other hand,
plant K41-1 suined intensely blue as selectively growin
somatic embryos and calluses (see Fig. 2F in Fitch et al."g
but fully expanded leaves were GUS (data not shown).
Only the youngest leaves, about 1/8 fully m:nded,
turned pale blue after 3 o 4 hours in the his mical
assay. Similar results were found amo:ucithe othwuta-
uvclé transformed &pa)a plants, which suggested that
the CUS gene was being expressed at different levels in
these plants. leaves of some plants stained most
intensely in the vascular tissues and petioles (plant $59-1
and K191, data not shown), while others stained in circu-
lar spot or wed ped patterns on the lamina of
young leaves (S6(-3, Fig. 3B) but not on the older leaves.

DNAs isolated from all of the GUS+ and several of the
GUS" papaya plants were tested for the ce of the
Nos:N; ne of pGA482¢ using the amplifica-
tion pi ure described by Chee et al™ A 1.0 kb DNA
fragment was am;»liﬁed in all putative ic plants
(data not shown). Genomic Southern blot analysis of
DNaAs isolated from several R, cﬂﬁa plants showed the
characteristic 2.0 kb BamHI/Hin ent™ contain.
ing the Nos-NPTU gene in most plants (Fig. 4). In addi-
tion, evidence for multiple or rearranged copies of the
Nos:NPTII gene is shown by the varying intensities of the
2.0 kb bands and by additional bands, both larger and
smaller than 2.0 kb,

Due to the random nature of the DNA integration
event that follows microprojectile bombardment®®,
ga ya plants found to contain either the Nos-NPTII or

S genes or both did not necesgarily contain the PRV
cp gene, even tho the PRV ¢p gene was located
between the NosN and GUS genes in the plasmid
vector pGA482GG/cpPRV-4"=, Thus, the presence or
absence of the PRV ¢p gene expression cassette in puta-
tively transformed pa plants was established using
both PCR and genomic Southem blot analyses. Genomic
DNAs isol from putatively transformed papaya
plants were subjected to PCR, using two oligonucleotide
primers that amplify a PRV ¢p gene DNA fragment of
about 1.0 kb in Ten out of 12 GUS + plants were
PRV ¢§ gne* ), K19-1, K271, K29-1, K391, K41,
549.2,555-1, §59-1, $60-1, and $60-3 (Table 1). The remain-
ing two CUS* plants, K44-1 and S604, were PRV op
gene (PCR).PC!{analysis(Fig. 5, lanes 6 1o 8) showed the
absence of PRV ¢p gene amplification in GUS+ plant
K441 as well as in two GUS" plants, $54-1 and S62-

Additional support for the presence of the PRV ¢

in the me of ransgenic plants was established
genomic biot analysis ofm!-lylmndm digests. The
results of hybridization against a PRV ¢p gene probe are
shown in 6. DNAs isolated from each of the PRV
¢ gene* ts, S55-1, S59-1, and K39-1, showed the
presence of the 1.7 kb HindllI fragment that contains the
PRV ¢ gene cxgreuion cassette!*®® but DNAs from
planis 562-1 and 562-2, determined by PCR to be PRV ¢p
gene,, did not hybridize with the PRV ¢p gene &mbe.

Transaripts from two PRV ¢p gene* plants, $55-1 and

560-3, were detected in an analysis of wotal RNA (Fig. 7).
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FSURE 3 Papuyu leavey, sliced trom the midrib to the marging
and bruised with forceps 1o expose cells 10 the X-gluc substrate
Framc (A) Strong, uniform GUS expression in slices and
bruises on $55-1. Frame (B) Unique pattern of GUS* spots on
§60-3, Spots are not due to injury since slices and bruises
on this leaf did not show sttong 5{)8 expression of §55-1 in
Frame (A).

o Q“d\-‘ y
t 234560678

RISWRE 4 Genomic Southern blot analysis for the presence of
the Nos:NPTII {enc in putative transgenic papaya plants.
Hybridization of BamHI and Hindllf digests of papaya DNAs
and pGA482GG witha d:robe‘ forthe N nc.ﬂne 1: 855-1
(GUS~), lane 2: $39-1 (GUS+), lane 3: $59-2 (GUS"), lane 4: S63-
1 (CUS’), lane 5: 8604 (GUS-), lane 6: $33-2 (GUS"), {ane 7:
$64-1 (GUS"), and lane 8: pGA482GG. The NPTII gene probe
h{bridized 10 a characteristic band at 2.0 kb in six out of seven
plant samples and in the digested plasmid DNA, Hybridiz-
ing bands larger than 2.0 kb may have resulted from Incom-
plete digestion of the DNAs or to rearranged genes. DNAs in
samples $60-4 and S64-1 apparently underwent considerable
rearrangement.

The predicted transcript at 1.35 kb was observed in both
planis, but §551 contained, in additon, larger tran-
scripts at 2.4 and 4.4 kb.

of PRV cp gene expression. Initially, to
detect PRV 3, ELISA tests using polyclonal amiboﬁies
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PGURE § PCR detection of the PRV ¢p gene In transgenic
papaya planus. Frame (A) An cthidium bromide-stained gel
showing the 1.0-kb PRV ¢p gene ment. Frame (B) Gel from
Frame (A) blotted and hxc dized with the PRV tg gene probe.
Lane 1: untransforme pepc;zn. lanes 2 to 9: tranigenic
papayss, 2: $55-1 (GUS-), 8; K19-1 (CUS~), 4 and 5: K29.1
(GB!*“. 6: K44-1 (GUS+), 7: 5541 (GUS"), 8; $62:5 (GUS"), and
9: S60.9 (GUS*). The 1.0-kb PRV ¢p gene fragment was ampli-
fied in three out of four GUS+ plant lines, while no amplifica-
tion occurred in the untransformed control and in GUS-lines.

1 2 3 4 85 8 7 8

FIGURE 6 Genomic Southern blot hybridization of BamHI and
HindIll digests of papaya DNAs with a probe for the PRV ¢p
gene. Both restriction enzymes were used to digest the DNAs
because filters were probed twice, once for the prescnce of the
Nos-NPTII gene and secondly for the PRV ¢p gene. The charac:
teristic 2.0 kb f] ent for Nos-NPT1 is flanked by BamH] and
HindIlI**, while the 1.7 kb PRV ¢p gene fragment is'flanked b
Hindl11¥, Lane 1: untransformed papaya, lane 2: 5621 (GUS”
lane 8: $62-2 (GUS"), lanes 4 and ; Sg5-l (GUS+), lane 6: S59-1
(GUS*+), lanes 7 and 8: K39-1 (GUS ). The PRV ¢p gene grobe
hybridized to the fcted 1.7 kb HindllI fragment in $65-1,
S859-1 and K39-1 that gmious!y were found to be GUS* and
PRV ¢p gene* with PCR.

TABLE 2 Reaction of subcloned transgenic a| lant lines
1o inoculation with PRV HA, genicRo papara p
Percent  Delgy int

No, Infected/
Ro Line GUS PCR¢p HT (cm) No inoculated Infacted symptoms®

§85-1 + 0/11 -—
S$5%.1 + 012 -_
$60-8 + 8/3 615
860-3 + 0/9 -—
K191 + -9 3i4 817
+ 0
+ 07
+ 015

Ki9-1 118
10/10
4/5

P40+ 4444444

“The delay in symptoms is estlmat(ed by using the time of sym)
s 0"

tom expression in controls 0" days. = plant height

when inoculated.

for coating and in the conj;gu: were rmed on
in vil 8lanu. K291, K391, and S55-1, that con-
tained the PRV ¢p gene. These tests were inconclusive
because the tranagenic plants gave absorption readin
that averaged only 1.0~1.6-fold above the relatively m§
background readings of healthy plants (A, = 0215).
However, subsequent tests with vigorously growing S60-3
and $55-1 plants at the flowering stage itive
results with ELISA tests using monoclonal antibody con-
Jjugatea that eliminated background reactions. S551 gave
an average absorption reading of 0.238, $60-8 a
reading of 0.252, while healthy papaya had a reading of
0.001. %hese results clearly showed that the transgenic
pl;t:t: pmduc:g detectable lm of coat protein.
tection of R, papaya ts againat mechanical
PRV infection. Nine micropro, R, transgenic
papaya plants were selected for testng PRV susceptibility
under conditions using mechanical inocuta-
tion of PRV (Thble 2), Between three and 15 micropropa-
nts derived from each of the nine R, plants were
inoculated. Four of the plant lines contained the PRV ¢p
ne ex lon casseue (K191, K391, $551, and
5203). while the remaining five lines did not (K44-1, 533-2,
S54-1, S62-1, and $62-2). These plants, along with 35
untransformed control plants, were mechanically inocu-
lated with PRV HA, the parent strain of the mild mutant
that has been used for classical cross protection!-2,
Papaya plants infected with PRV HA show chlorosis and
leaf distortion, watersoaked streaks on the stem, and
stunted growth.

The results listed in Table 2 indicate that the PRV ¢p
gene* papaya lines show varying levels of virus protec-
non, as ju‘;ilged z' the number of inoculated plants that
became i The levels of protection observed
included no protective effect in line K89-1, an intermedi-
ate level of resistance, indicated by a delay in the onset of
symptom development in lines K191 and $60-8, and
apparen;z complete resistance in line $55-1 (Table 2).
Inoculated plants of line S55-1 did not show signs of
infection on the mechanically Inoculated leaves nor on
leaves that subsequently developed during maturation of
:h;glam(i‘i . 8) . Tests to recover PRV from the inocu-
lated $55-1 plants by means of transferring leaf extracts to
a local lesion host ( fum_quinoa) were negative,
indicating complete resistance afforded by the apparent
inhibition of PRV replication. The micropropagated
plants derived from $55-1 remained symptomless for the
duration of the experiment which lasted up to six
months (Fig, 8D). Several of the symptomless plants were
retained for seed production and have ned symp-
tomless for more than nine months,

The PRV cp gene * lines K19-1 and S60-3 were charac-
terized by intermediate levels of protection since 25 to
33% of the wial number of inoculated plants becamne
infected (Table 2). Interestingly, the plants that became
infected showed delays in the onset of symptom expres-
sion ranging from three to 17 days. We also ob that
the ts that became infected were generally inocu-
fated at a smaller of (Table 2). The Jack of
infection of the K191 and $60-3 plants was not
strictly due to size, untransformed control plants of
comparable size invariably became infected. As with
Kag?n line §55-1, tests to recaver PRV from symptomless

191 and S60-8 plants were negative Although papaya
line K39:1 gmf 0 be completely susceptible w infec
don by PRV HA, individual plants showed delays in the
onset of symftom development. All of the transformed
papag &lam irres that tested negative for the presence of
the PRV ¢p gene were susceptible to PRV infection,
and their symptoms appeared at about the same time as
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did the symptoms in the inoculated untransformed con-
ol plants.
D] SSION |

The number of transgenic papaya plants regenerated
wasb variabl; hbetweeng:irs;ues dcr;ié‘eq from zygotii_
embryos an tyls, The most efficient recovery o
planz‘;‘ollowtfvgscc‘r)opxqiectile bombardment of 2,4-D-
treated immature zygotic embryos, while freshly
explanted hypocotyl sections did not yield any transgenic

lants.

Neither GUS expression nor PRV ¢p gene assays were
completely reliable predictors of virus resistant plants,
although the assays were useful in initial scmean of
mmgxic plants. Even transcript analysis and levels of
PRV CP production were not predictive We found that
the only reliable indicator of CPMP was the functional
test, i, the infection of the transgenic papaya plants with
a virulent strain of PRV. The decrease in GUS expression
in older papaya leaves and the variations in the level of
PRV protection are not understood at this time. A resolu-
tion of these questions can only be achieved by determin-
ing the wansformed states (gene copies, arrangements,
etc.) in each plant, and by using breeding techniques w
obtain homoz?gous plants that contain a known arrange-
ment of transterred genes.

Despite the small number of transgenic plants recov
ered, functional analysis of only nine plant lines resulted
in the identification of $55-1 which 1s apparently com-

letely resistant to PRV HA, the virulent Hawaiian strain
m which the cross-protecting mutant was isolated.
Since the PRV cp gene was obiained from the virus strain
identical to that used for cross protection, the initial
results with CPMP can be compared with classical cross
protection. We assume that our plant lines are not chi-
meric; therefore, unlike the cross-protecting virus, the
protection afforded by the presence of the ¢p gene is
systemic. Unless a developmental factor governs the pro-
tective element of the ¢p gene, we expect no breakdown
in CPMP. Cross protection with live virus, a practice that
becomes questionable in coul weather when even mild
strain C;z;}agtoms can be pronounced, is circumvented
with > A major benefit of CPMP is heritability of
protection, eliminating manual inoculation of each new
crop, Finally, it is possible that even greater protection

iy
128486
MGURE 7 Narthern blot of PRV ¢p gene* transgenic papayas.
Lane 1! untransformed papaya, lanes 2 and 3: $60-3, and lanes 4

and 5: 555-1. The bands at 1.35 kb correspond to the predicted
transcript size.

can be afforded by the homozygous gene condition in R,
or R, plants.

The virus resistant line $55-1 is female; thus it has been
outcrossed with hermaphroditic pz‘payas such as S60-3,
that showed an intermediate level of resistance (Table 2),
and with unum;sfonned controls. A 1:1 segregation gr
sex expression, female: hrodite, is ex| in the

x gon from these crnh%l’gpﬁomo sm fix the
Bg gene in ines after R, hermaphrodites
comm%m the l»’lg‘/l pc;ya ne are selfed. Preliminary dawa
ingiec;t:d ] lt_ seedlin K outcrossed $35-1 show the
ex : ton of a single insertion of the three
trasisgenes, ml’m and P%V ¢p (S Lius, unpub-
lished data). It is possible that some of the hermaphrodite
R, progeny will be suitable for commercial use even in the
hemizygous state, if they Emve to be totally virus resistant.

Since we do not know how well or how long CPMP will
remain effective in our PRV resistant plant fines, the R,
virus resisiant line has been installed in a field test in
Hawaii to determine whether the protection observed in
the greenhouse tests can withstand prolonged exposure
(two to three years) 0o PRV under the continuous chal-
lenge of virus inoculation by the natural aphid vector.
EXPERIMENTAL PROTOCOL

Materials. Restriction endonucleases BamH]I, Bgill, EcoRl,
HindIll, and Ncol were purchased from Gibco/B Grand

HOURE 8 Virus screening of transgenic pupaya plants. Frame
(A) Virus resistant $83-1, uninoculated, photographed three
months after initiation of the experiment. Frame (B) Virus
resistant $535-1, inoculated with PRV HA, a virulent Hawaiian
| strain of PRV and photographed three months after inocula.
tion. This transgenic plant appears to be unaffected by the
virus, Frame (C) Untransformed control “Sunrise®, sibling line

of “Sunset”, inoculated with PRV HA and photographcd three
months after inoculation. Mowling and “shoestring” leaf devel-
ormem are typical severe virus syméuoms. Frame (D) Papaya
plants inoculated with PRV HA an ihotognphed after six
months. Lefl, virus resistant $55-1; right, untransformed con.
trol. The difference in plant height illustrates the resistance
affordedy o - - w inediated protection.
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Itland. NY. 5-bromo-4-chloro-3-Indolyl 8-glucuronide (X-gtuc)
was obtained from J Lab Supply. NJ‘.&Bq polymerase and
PCR kits were obained from Perkln-élmer-Ceuu orporation.
Random priming kits for #P-labeling and digoxigenin:labeling
were obtained from Boehringer Mannheim. ( YACTP was
obtained {rom New England Nuclear Biolabs. Oligonucleotide
synthesis was done using an Applied Biosystemns Instrument
Model 380A.

Plant materials and culture conditions. Cultures of freshly
explanted hypocotyl sections, embryogenic calluses and
somatic embryos, and 2,4-D-treated 90- to 103-day-old zygotic
embryos were prepared for ganicle bombardment as
described®, Immature zygotic embryos of “Kapoho™ and “Sun-
set” were induced to embryogenesis on hal!‘-nrengh
Murashige and Sk ' medium containing 10 mg/l 24-D,
Embryogenesis was induced in hypocotyl sections of ~Kapoho"
on the same medimn”;‘m‘l delivesy, :

Plasmid constructs gene The construction o
the bina;z cosmid })GA(BQGGI: PRV-4 has been
described 2%, Transfer of the construcdon with the Biolistics
device has be:'n described®, aod . .

transgenic em! ts. Transgenic
somatic embryos were sclected on induction medium cclgeuin
ing kanamycin and 2,4-D as described®?, Despite monthly trans-
fers to fresh selection.medium devoid of phytohormones, the
scctor continued to undergo repetitive cycles of embryogene-
sis, Somatic embryos were inated on MS medium contain-
ing 150 kanamycin, MS medium consisted of MS salts, 100
rngll myo-mnositol, 04 mgil thiamine*HC), 3% sucrose, and
05% Sigma A1296 agsr. pH 5.8. Shoots from inated
embryos were micropropagated for rapid WE!;: liquid
MPH medium™. Shoot tip cuttings with 1.0-cm long stems were
raoted in MS agar medium containing 1.0 mgfl indolebutyric
acid (IBA) and transferred to jars containing a 50/50 (viv) mix-
ture of vermiculite and MS medium, Plants were accli-
mated to grecnhouse conditions.

GUS histochemical assay. Leaves were liced and incubated
uverni‘;ht at 37°C in filter-sterilized 0.5 mM 5-bromo-4-chloro-
3-indolylS-giucuronide (X-gluc) in 200 mM sodium phosphate
buffer, pH 7.0%. Leaf tissues were cleared of chlorophyll after
soaking in 95% ethanol to enhance visualization of the blue
precipitate. [solates that initislly tested negative for GUS were
re-tested at least five times before they were scored negative.

DNA extraction. DNA was extracted using "CTAB" meth-
vds*¥, Between 50 and 700 mq dry weight of tissues sam-
gle were extracted. Each sample, containing up to pg of

NA, was treated with 2 units of RNase (DNasefree,
Boehringer Mannheim) for 2 h at 87°C prior to quantfication
and funger analysis. .

Pol chain reaction. Genomic DNA was sub to
amplification by the polymerase chain reaction (PCR)*. One
set of primers was designed to amplify a 1052 bp fraﬁmcm of a
chimeric gene for neomycin phosphotransferase Il (NPTII).
‘The fragment extends from the Nos promoter at the 5 end of
the gene o 150 bp beyond its 3 termination sequence®,
Another set of primers was designed to amplify a 992 bp PRV
¢p gene fi ent!%M%, Standard PCR conditiona, as recom-
mended by Perkin-Elmer-Cetus, were followed. PCR products
were dize-se ted on 0.8% agarose gels.

Southern tion. Probes were prepared by large scale
plasmid isolation*. Cesium chloride ethidium bromide centrif-
ugation was used to isolate plasmid pKS4 containing the NPTII

e that was derived from E ooli transposon TnJ (vef. 40).

lasmid DNA was digested with Ncol and Bglll 10 release a
600 bp NPT gene i ent®. The fragment was gel-purified
on 1% agarose, electroeluted™, and concentrated with an Elutip
column (Schleicher and Schuell, Keene, NH) as recommended
b{,thc manufacturer. The PRV op xgene probe was prepared from
F RV117%® by digesting it with EcoRI which released a 500 bp

ragment from the 3° end of the gene. The fragment was elec:
troeluted and concentrated as described. Isolated ents of
plasmid DNA were labeled with («-%P)dCTP or digoxigenin by
random priming* according to the manufacturer'sinstruction?
(Boehringer Mannheim). Southern blois were prepared from
a%aro:e gel separations of PCR products or digested genomic
DNAs¥. Genomic DNAs from putative transgenic leaves were
digested with six-fold excess of HindIll and BamHI, size-frac-
tionated on 0.8 agarose gels, blotted onto nitrocellulose
("Duralose”, Stratagene) for ”P- or onto nylon (th
Mannheim) for digaxigenin-labeled probes, and hybrid .
Scintillation counts of the incorporated radioactivity were
about 5 x 10° ¢pm/100 cm! filter. Filters weve hybridized for at

Jeast 48 h at 85°C with ¥P-labeled probes. Diqoxlgemn-labeled
robes were hydridized for 24 1o 48 h at 42°C in formamide
Kybridimlion solution, washed, and processed for chemi
luminescence as recommended by Boehringer Mannheim, Filt-
ers hybridized against *'P-labeled probes were exposed for two
to four days to Kodak OMAT Xeray film; digoxigenin-probed
filters were ex; to X-ray film for 15 to 60 min.
Northern hybridization. Total RNA was isolated from leaves
of untransformed and transgenic papaya plants by the method
of N?)oli et al# and separated on & 1.2% se gel

(25 pg/lane) using formaldehyde gel elecuophoresis™, The sep-
arated RNAs were blotted onto a GeneScreen Plus membrane
and probed with the ¢p gene of PRY following the manufactur-
er's manual (Du Pont Ca). The probe was prepared by random
gr(mer labeling as described by Felnburg and Vogelstein®!. The
lmuuy.“wefd frmuor acmos of PRV CP. Double antibody sand
or . Double anti sand-

wich enzymedin immunosorbent assa (DA.SEL[SA’; tech:
nique%, employing a polyclonal antd and monoclonal

antibody conjugate, was used to assay for PRV CP in putative
nic l?i_m wnd in infected cunzmplna"”.

transgenic plants with . Micropro| ted
g;vya plants derived from R, plants known to fon&?game
bare?

trans
I

gene sequence were grown in the sreenhoute uatil th
our or five {caves. The plants were dusted with 400 mes!
carborundum on the four youngest expanded leaves. The
leaves were rubbed with 50 ul of a 1/50 dilution of PRV HA-
infected Cucumis metulij leaf extract in 0.01 M potassium
phosphate buffer, pH 7.0'". The inoculum was prepared 21 days
after Cucumis infection, The plants were visually monitored
daily for 21 days at which time the results were summarized
(Table 2). Plancs that did not show symptoms were rewined for
continued observation. The sap was extracted from leaves of
symptomiess plants and applied to the virus indicacor plant
ium gquinoa to screen for the nce of virus. Flants
were tested by ELISA to detect antigens of PRV.
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